Sensorineural hearing loss is caused by defects in the inner ear. In the present study, associations between chronic rhinosinusitis, outer hair cell injury, and sensorineural hearing loss were investigated.
Background
Chronic rhinosinusitis (CRS) refers to persistent inflammation of the nasal cavity and sinus mucous membranes for more than 12 weeks and is a common and frequently occurring disease found in patients attending the Department of Otolaryngology [1] . The main clinical manifestations of CRS include nasal congestion, runny nose, headache, hyposmia, anosmia, and other chronic symptoms [2] . In addition, inflammation of CRS may also cause ventilation and drainage holdback and the impairment of mucociliary clearance functions [3] , which promotes invasion of pathogenic organisms and results in further aggravation of the above-mentioned symptoms [4] . Such a vicious cycle is likely to cause obstruction of the ostiomeatal complex (OMC) and subsequent microbial infection, which in turn leads to decreased oxygen tension in the sinus, retention of secretions, changes in the secretion characteristics and pH values, and increased protein and glucose levels and viscosity [5] . Furthermore, this series of reactions may cause inflammation and dysfunction of the middle ear through the eustachian tube [6] . The invaded pathogenic microbes in the paranasal sinuses and lymphocytes activated by inflammatory reactions may migrate to the inner ear, where the endolymphatic sac induces immune response antigens generated by nasal mucosa-associated lymphoid tissue [7] . The induced immune response can cause immune-mediated inner ear injury and result in sensorineural deafness. In addition, inner ear injury caused by cytokines (such as tumor necrosis factor, TNF) released during inflammation can also produce sudden deafness [8] .
Studies have shown that food allergies can elevate total IgE and special IgE (sIgE) levels and cause sudden sensorineural hearing loss in patients with immune-mediated deficiency [9] . The probable mechanism is that externally-activated anticardiolipin (aCL) antibody or its activity of interacting with antibeta2 GP1 antibody, which are insufficient in the patients with immune-mediated deficiency, can cause outer ear cell (OHC) injury [10] . In addition, diseases such as hyperlipidemia, hypertension, and diabetes are also risk factors for hearing loss [11] . These patients have high viscous blood, abnormal aggregated platelets, and small fat emboli, which can cause the blood vessels connecting to the inner ear to become very thin because of hypoxia. As a result, OHCs may be damaged by insufficient nutrition from blood and lead to hearing impairment [12, 13] .
The location of hearing impairment can be determined by various hearing tests. The middle ear has a certain volume and contains an ossicular chain retracted by muscles and ligaments, regarded as a special acoustic device. Hearing loss due to middle ear inflammation can be determined by measuring acoustic admittance and impedance, which reflects the physiological and pathological condition of the middle ear [14] .
In contrast, otoacoustic emissions (OAEs) are sounds of cochlea's sensory hair cell origin. OAEs can be recorded in silence, but more commonly are measured in response to acoustic stimulation. Continuous sinusoidal stimuli evoke distortion product otoacoustic emissions (DPOAEs), which can be used to assess the status of cochlear outer hair cells [15] . DPOAEs is a type of OAE examination, which can determine slight hearing loss at high frequencies. Failure of passing the DPOAE test suggests derangement, decreased numbers or loss of OHCs [16] .
Therefore, DPOAE is usually applied to judge whether the hearing loss caused by tympanitis, sinusitis or other types of inflammation results from OHCs impairment. In addition to the above-mentioned hearing tests, the auditory brainstem response (ABR) is generally used to assess functional changes in auditory pathway integrity by analyzing auditory evoked potentials in the brain induced by external click stimuli [17] .
To date, there is no definitive clinical proof of the utility of performing hearing tests for sensorineural hearing loss in CRS patients without complaints of hearing loss. The aim of the present study was to investigate the location and possible mechanisms of sensorineural hearing loss by performing hearing tests and measuring various biochemical immunological indexes in CRS patients.
Material and Methods

Participants
This study was conducted at the Otolaryngological Department of the First Affiliated Hospital of Fujian Medical University from March 2013 to February 2014. According to Guidelines for Diagnosis and Treatment of Chronic Rhinosinusitis (Kunming, 2012) and European Position Paper on Rhinosinusitis and Nasal Polyps 2012 (EPOS2012), CRS patients with clinical and postoperational pathological diagnosed CRS with a Lund-Mackey score >0 were recruited as the study group. The patients diagnosed as having simple deviated nasal septum by nasal sinus coronal computed tomography and surgery, in addition to a Lund-Mackey score=0 were recruited as the control group. All patients met the following inclusion criteria: 1) without complaint of hearing loss; 2) with sufficient clinical data; 3) with sufficient diagnostic data (including nasal coronal CT, middle ear CT, medical examination from the department of otolaryngological and hearing tests); and 4) without abnormalities in auricles, dry and unobstructed ear canal and intact tympanic membrane. Patients were excluded if they met any of the following conditions: 1) older than 60 years; 2) with a history of ear disease (such as tympanitis, trauma, perforation of tympanic membrane, ear tumors); 3) with a clear history of exposure to ototoxicity drugs; 4) a history of exposure to prolonged noises; 5) a history of systemic diseases which could affect hearing (such as hypertension, diabetes, nephropathy, thyroid disease, bronchial asthma, autoimmune diseases, anemia, sleep apnea syndrome, cervical spondylosis); 6) a history of infectious diseases which could affect hearing (such as mumps, measles, epidemic cerebrospinal meningitis, scarlet fever, diphtheria, typhoid, rubella, herpes zoster, syphilis); and 7) individuals with special occupations (such as divers, pilots and tunnel operators). As a result, a total of 103 patients who met the inclusion criteria were recruited and divided into the CRS group (n=82) or the simple deviated nasal septum group (n=21). The study was approved by the ethical committee of the First Affiliated Hospital of Fujian Medical University and written informed consent was obtained from all participants and/or their guardians.
Measurement of CRS severity and course
CRS severity was assessed by the Lund-Mackay score (LMS) [18] , which was based on coronal CT scanning of patients in the bilateral maxillary sinus, anterior ethmoid sinus, posterior ethmoid sinus, frontal sinus and sphenoid sinus. The complete lucency, partial opacity and complete opacity of fluid accumulated from the sinus was scored as 0, 1, and 2 respectively. Remarkably, the ostiomeatal complex was scored as either 0 or 2 for not being obstructed or obstructed. Therefore, LMS for the right or left sinus ranged from 0~12 with a total score 0~24 for both sides. The CRS course was counted during the collecting history as the number of months from the complaint of onset until visiting the hospital.
Laboratory examinations
Serum total IgE and sIgE
Analyses of serum total immunoglobulin E (IgE) and allergenspecific immunoglobulin E (sIgE) antibodies were performed using an Allergy Screen allergen diagnosis kit (Mediwiss, Moers, Germany) and a matching detection instrument. Detection of sIgE included 10 inhalation allergens (dust mites, dust, mulberry, cat dander, dog dander, cockroaches, amaranth, molds, pollens, and tree nuts) and 9 food allergens (egg white, milk, shrimp, beef, shellfish, crab, mango, cashew, and pineapple). According to operating manual, the intensity of the reagent strip color for each allergen is proportional to the serum specific antibody level, and examination result of sIgE >0.35 IU/mL and total IgE >100.00 IU/mL can be regarded as positive.
Lipid biochemical and Immunological index
Analysis of the lipid biochemical index and immunological index from fasting venous blood was performed with an automatic biochemical analyzer AU5800 (Beckman Coulter, USA) using 
Audiology assessments
Audiological assessments: These were performed for each ear of a participant in a sound-treated room, including pure tone audiometry, an acoustic impedance test, tympanometry, acoustic stapedial reflex, distortion product otoacoustic emissions (DPOAE), and the auditory brainstem response (ABR).
Pure tone audiometry:
Orbiter 922 Audiometer, TDH250P airconduction earphone, and B-71 bone-conduction earphones (Madsen, Denmark) were used to test the air-and bone-conduction hearing thresholds at 250 Hz, 500 Hz, 1 kHz, 2 kHz, 4 kHz, and 8 kHz, respectively, according to the criteria of GB/16 403-1996 [19] . If the air-or bone-conduction threshold was ³25 dB at one of the test frequencies, the patient was considered as suffering from hearing loss; if the curve of air-and bone-conduction threshold declined continually without airbone gap, the patient was considered to have sensorineural hearing loss.
Tympanometry: A TympStar middle ear analyzer (GSI, US) was used to measure the middle ear functional condition at 226 Hz. The tympanogram was plotted with external auditory canal pressure (in daPa) as the X-axis and acoustic impedance (in mL or cc) as the Y-axis, respectively. As shown in Figure 1 , the A-type of tympanogram with ± 100 mmH 2 O of tympanic pressure, 0.3 mL-1.6 mL of acoustic amplitude and 0.5-1.0 mL of tympanum volume was regarded as normal [9] . Acoustic stapedial reflex: A TympStar middle ear analyzer (GSI, US) was used to measure the stapedius muscle reflex ability at 226 Hz. The acoustic reflex threshold of ear(s) on 1 side and 2 sides was tested at 0.5, 1, 2, and 4 kHz. The Metz test is considered to be positive if the difference of threshold between pure tone audiometry and the acoustic stapedial reflex threshold is <60 dB. There was at least 1 positive result of the Metz test at 0.5, 1, 2, or 4 kHz [20] .
Distortion Product Optoacoustic (otoacoustic) Emissions (DPOAE):
An otoacoustic emissions instrument (SmartOAE, Intelligent Hearing, USA) with stimulus of 65/50 dB sound pressure level (SPL) (L1/L2), frequency ratio of 1.22 (f2/f1) and acoustic stimulus output of 2f1-f2 was used to conduct DPOAE. The DPOAE audiogram was constructed to record response amplitude, background noise and the signal-noise ratio (SNR) at 9 frequencies: 357, 499, 704, 1003, 1409, 2000, 2822, 3991, and 5649 Hz. Detection standard for each frequency was response amplitude ³-10 dB SPL, and a signalnoise ratio ³6 dB was regarded as the threshold of detection at each frequency. A pass in DPOAE required the detection at least 6 of the 9 frequencies [21] .
Auditory Brainstem Response (ABR):
A spirit-evoked potential apparatus (Nicolet, USA) was used to record ABR response threshold amplitude in an audiometric test room. The intensity of acoustic stimuli started at 95 dB nHL, and was decreased or increased 10 dB nHL each time. The weakest intensity reproducibly recorded as wave v was set as the threshold of ABR wave v, which was regarded as the ABR response threshold. The test was repeated twice. The latent periods of wave I, III, and V, as well as the interval periods of I-III, III-V, and I-V, were also recorded and analyzed. An ABR response threshold of £30 dB nHL was considered to be normal [12] .
Statistical analysis
The measurement data, such as DPOAE signal-noise ratio at various frequencies, are reported as the mean ± standard deviation and normally distributed data compared using a t test. The categorical data, such as the rate of hearing loss, DPOAE pass rate, gender, serum total IgE and sIgE (positive vs. negative), blood lipid level (normal vs. abnormal), are shown as percentages and were compared using the c 2 test.
Binary logistic regression analysis was carried out to investigate the correlation between sensorineural hearing loss and the following risk factors: serum total IgE, serum sIgE, blood lipid, immunological factors, age, gender, and CRS severity.
SPSS software (version 20.0, SPSS, IL) was used for all data analysis and a P-value <0.05 was considered to be statistically significant.
Results
Comparison of demographic data and biochemical and immune indexes between the study and control groups
The demographic information and biochemical immunological index of 103 participants are shown in Table 1 , of which 82 (57 male and 25 female) and 21 (18 male and 3 female) patients were designated in the CRS group (study group) and the simple deviated nasal septum group (control group), respectively. The median age of the study and control groups was 28 years (13-40) and 26 years (17-40), respectively. In addition, there were 76 patients (92.68%, 76/82) with concurrency of deviated nasal septum in the CRS group. No significant difference was found in demographic data or each biochemical immunological indicator between the study and control groups.
Tympanometry
The tympanograms of all participants in both the study and control groups were all A-type and the stapes muscle reflex could be elicited in all patients. There was no significant difference of tympanic pressure and the peak values of acoustic compliance between the study and control groups ( Table 2) .
Comparison of hearing tests between the study and control groups
As shown in and irregular-type). Among the CRS patients with sensorineural hearing loss, 15 (75%) exhibited the high-frequency decline type (Figure 1 ).
The tympanograms of all participants in both the study and control groups did not reveal significant differences. However, 3 out 20 patients (15%, 3/20) suffering from hearing loss in the CRS group were positive in the Metz test, suggesting impairment of cochlear OHCs in these 3 patients, in contrast to Table 4 . Comparison of SNRs at specified frequencies between the study and control groups.
NS -noise; DP -distortion product otoacoustic emissions; SNR -signal-to-noise ratio. normal middle ear structure in the other CRS patients with hearing loss. Finally, all the participants showed normal results in the ABR test and no difference was found between the study and control groups (Table 5) , suggesting intact functions from the retrocochlear auditory nerve to the brainstem.
To further investigate the relationship between total IgE and sIgE with sensorineural hearing loss in CRS patients, the number of increased (positive detection) and normal levels of total IgE and sIgE in CRS patients with hearing loss was compared with CRS patients without hearing loss. As shown in Table 6 , the rate of positive total IgE and sIgE detection in CRS patients with sensorineural hearing loss was not significantly different from those of CRS patients with normal hearing.
Logistic regression analysis of correlated factors of sensorineural hearing loss
Logistic regression analysis was carried out to identify factors correlated with sensorineural hearing loss. As shown in Table 7 , among the 7 possible factors based on analysis of clinical data, the results indicated a significant correlation between sensorineural hearing loss and the severity of CRS (OR=1. 39 
Discussion
This study was designed to investigate the characteristics and mechanisms of hearing loss in CRS patients by using a combination of various hearing tests and correlation analysis of possible factors affecting audiology. As far as we are aware, this is the first study to analyze the correlation between sensorineural hearing loss and CRS patients who have not complained of hearing loss.
CRS is clinically defined as chronic inflammation of mucosa of the nasal cavity and paranasal sinuses lasting for ³12 weeks. Chronic deferment and deterioration of CRS can be caused by many mechanisms, including microbial infection, super-antigen origin, bacterial biofilm, anatomic abnormalities of the nasal cavity and paranasal sinus, allergic reactions, neurogenic origin, dysfunction of the nasal mucociliary system, and other internal and external factors resulting in decreased immunity [22] . In addition, the morphological and/or functional changes of the eustachian tubes of CRS patient caused by inflammation spread, stimulation of inflammatory secretions, and accumulation of paranasal sinus secretions can cause conduction deafness through retrograde infection of the middle ear [23] . A recent population-based study revealed an association between sudden sensorineural hearing loss and CRS, especially in CRS patients <44 years of age [8] . Furthermore, nasosinusitis can be induced by impaired ventilation and drainage in patients with a deviated nasal septum (especially those with high deviation) due to a moved middle turbinate under consistent pressure [24] ; therefore, chronic rhinosinusitis is often associated with nasal septum deviation. In the present study, patients with a simple deviated nasal septum and a Lund-Mackey score of 0 were designated as the control group and were compared to the CRS study group to exclude the effects of anatomic abnormality of the nasal structure on audiological alterations [24] . The results of pure tone audiometry combined with acoustic stapedial reflex, DPOAE and ABR tests indicated that the hearing loss in both the study and control groups was sensorineural and excluded the possibilities of conduction deafness and brainstem auditory route abnormalities. The occurrence and rate of otoacoustic emission was dependent on the intact structure of the cochlea and middle ear, which is related to active movement of cochlear OHCs and cochlear active energy release. Combined with results of the DPOAE and Metz tests, the sensorineural hearing loss that occurred in CRS patients was likely caused by impaired functions of cochlear OHCs [25] . In our study, CRS patients had a significantly lower DPOAE pass rate compared with the control group (70.73% vs. 88.10%, P=0.028). Moreover, CRS patients had significant lower SNRs at high frequencies (3991 Hz and 5649 Hz), which was consistent with the high-decline type of hearing loss detected in CRS patients by pure tone audiometry. Unexpectedly, the CRS group also showed significantly lower SNRs at 704 Hz compared with the control group (15.23±8.92 vs. 19.23±6.89, P=0.007). Further studies involving a larger cohort of patients will be required to explore the reason(s) for this phenomenon.
The well-known factors associated with sensorineural hearing loss include congenital deafness, senile deafness, deafness due to infectious diseases or systemic diseases, ototoxic deafness, traumatic deafness, autoimmune deafness, noise-induced deafness and stress-induced deafness. Patients with the above-mentioned diseases were excluded from our study, and logistic regression analysis was performed to investigate the influence of other possible risk factors on sensorineural hearing loss. The results unequivocally demonstrated that the severity of CRS was associated with sensorineural hearing loss (OR=1.39, P<0.05).
To date, the molecular mechanisms of sensorineural hearing loss caused by impaired inner ear structure and functions in CRS patients have not been completely elucidated. Allergic reaction is one important mechanism involved in the development of CRS [9, 10] and 40-80% of CRS patients suffer from allergies [26] . Some scholars believe that allergic reactions can increase the release of various inflammatory mediators, resulting in increased vascular permeability and nasal mucosa edema, which leads to obstruction of the paranasal sinus, blockage of sinus drainage, retention of mucoid discharges, propagation of microbial pathogens, and, finally, CRS [27] . Corbo et al. proposed that allergic reactions could retard the nasal mucociliary function of cleaning and cause CRS, based on their study of nasal ciliary beat frequency and mucociliary clearance in 200 patients with allergic rhinitis [22] . There are numerous immunityrelated plasma cells, mast cells, and other tissue components capable of producing lysosomes, leukocytes with phagocytosis, and fibrinolysis functions, and myoblasts with repairing functions located in the nasal mucosa lamina propria and submucosal layer [28] . The nasal-associated lymphoid tissue (NALT) is composed of special lymphoid tissue from the nasal cavity to the pharynx, which is called Waldeyer's ring. It contains affluent antigen presenting cells and CD4+ T cells and is the main site of antigen-specific immune responses after intranasal immunization [29, 30] . Therefore, allergic rhinitis can lead to sensorineural hearing loss by affecting the connection between the nasal mucosa and inner ears [31] [32] [33] . In our study, the CRS group did not display any significant difference in immunologic indexes compared with the control group, and CRS patients with sensorineural hearing loss had no significant difference in total IgE or sIgE levels compared with CRS patients without sensorineural hearing loss. Therefore, a further study with a larger sample size is warranted to investigate the correlation between sensorineural hearing loss with IgE-mediated type I hypersensitivity and type III hypersensitivity reactions.
In addition to allergic reaction, CRS is also likely to cause sensorineural hearing loss by inner ear function impairment through the release of various regional cytokines. The endolymphatic sac contains abundant complement factors, lymphocytes, and macrophages, and the cytokines and adhesion molecules produced play important roles in the immune responses of the inner ear. Immune responses can be enhanced by TNF-a produced by stimulated macrophages and lymphocytes in response to captured cross-antigens between pathogenic microorganism and body tissues in the endolymphatic sac during nasal cavity paranasal sinus infections [13, 18, 19, 31] . As a consequence, TNF-a can activate the downstream NF-kB, MAPKs, and START pathways and cause apoptosis and degeneration of cells, leading to sensorineural hearing loss. Additionally, TNF-a may also cause an abnormal microcirculation in the inner ear through stimulation of the sphingosine 1-phosphate signaling pathway [34] . Analysis of blood inflammatory factors in patients with idiopathic sudden sensorineural hearing loss (ISSNHL) revealed a significant relationship between TNF-a levels and the outcome of sensorineural hearing loss [35] . Numerous clinical research studies have reported that treatment with TNF-a inhibitors can improve the curative effect of ISSNHL [3, 35] . Moreover, IL-6 expression was detected in spiral ligament, stria vascularis, and spiral ganglion neurons of the inner ear [36] . As an important cytokine involved in acute inflammation, IL-6 has dual functions in the proliferation of plasma cells capable of producing antibodies and antioxidants by inducing the anti-apoptosis gene (such as bcl gene family). Previous studies have shown that the expression of IL-6 was decreased during the early stages of the cochlear inflammatory response and can cause ISSNHL through START3 and NF-kB signal pathway activation [37, 38] . Tsinaslanidou et al. found that increased IL-6 expression was positively correlated with repair of hair cell functions [39] . During the late stage of the cochlear inflammatory response, the occurrence of ISSNHL caused by impaired inner ear structure and functions can also be related to elevated expression of IL-2 and IL-8. Studies have revealed that IL-2, secreted and released from the endolymphatic sac, can regulate sICAM-1 and cause immunological cells to enter the inner ear through altered venae spiralis modioli characteristics. The resulting fibrotic lesions of inner ear sclerotin may lead to inner ear degenerative diseases and the occurrence of ISSNHL [40, 41] . Iguchi and Anniko demonstrated that IL-8 induced by interactions between leucocytes and vascular endothelial cells affected inner ear functions as a result of the accumulation of inflammatory cells [42] .
Conclusions
A logistic regression analysis in the present study revealed that the severity of CRS was correlated with sensorineural hearing loss (OR: 1.39, P=0.014). In addition, the DPOAE pass rates were significantly lower in some CRS patients (P=0.028), suggesting that their cochlear sound magnifying function was damaged due to cochlear OHCs impairment. We propose that CRS and impairment of cochlear functions by damaged outer hair cells in sensorineural hearing loss patients might have a common causative factor. The molecular mechanisms remain to be investigated with a larger cohort of patients and analysis of related cytokines in future studies.
